Part I of these studies (Artru, 1987) examined how cerebral blood volume (CBV), CSF volume, and brain tissue water and electrolytes determined CSF pres Manuscript Abbreviations used: CBV, cerebral blood volume; Ra, resis tance to reabsorption of CSF; rCBV, regional cerebral blood volume; RISA, iodinated I31I-albumin; Va' rate of reabsorption of CSF; Vr, rate of CSF formation; VDx, volume of distribution of Blue Dextran.
sure during 4 h of hypocapnia in sedated dogs. The three groups reported were: hypocapnia (PaC02 20 mm Hg) with no intracranial mass (group 1), intracranial mass (epidural balloon, CSF pressure 35 cm HzO) but no hypocapnia (group 2), and intracranial mass with hypocapnia used to lower CSF pressure (group 3). It was found that in dogs with an intracranial mass (group 3) the CSF pressure lowering effect of hypocapnia was sustained for 4 h due to improved reabsorption of CSF, decrease of CSF volume to offset reexpansion of CBV and no increase in the sum of CSF volume and CBY. The present Part II studies (groups 4-8) examine the effects of anesthetics on CSF pressure during conditions like those used for group 3, namely, intracranial mass present and hypo capnia used to lower CSF pressure. When halothane or
In Part I of this work the role of cerebral blood volume (CBV), CSF volume, and brain tissue water and electrolytes on CSF pressure was examined during 4 h hypocapnia in sedated dogs (Artru, 1987) . Three groups were reported: hypocapnia (PaC02 20 mm Hg) with no intracranial mass (group 1), intracranial mass present (epidural balloon, CSF enflurane were used for anesthesia, the CSF pressure lowering effect of hypocapnia was not sustained. CSF pressure increased from 17.3 ± 4.7 and 19.0 ± 4.1 cm H20, respectively (mean ± SD), at 10 min to 50.3 ± 12.8 and 43.2 ± 12.8 cm H20, respectively at 4 h. Increase of CSF pressure was associated with increased resistance to reabsorption of CSF (Ra) and increase in the sum of CSF volume and CBY. With halothane the intracranial volume increase was comprised chiefly of cerebral blood and with enflurane the intracranial volume increase was com prised chiefly of CSF. When isoflurane, fentanyl, or thio pental were used for anesthesia, the CSF pressure-low ering effect of hypocapnia was sustained. Ra did not in crease and the sum of CBV and CSF volume remained reduced. Key Words: Anesthetics-Brain tissue electro lytes-Cerebral edema-Cerebrospinal fluid, formation, pressure, reabsorption, volume-Hypocapnia. pressure 35 cm H20) but no hypocapnia (group 2), and intracranial mass present with hypocapnia used to lower CSF pressure (group 3). In group 1 hypo capnia initially reduced CBV by �30%. CBV reex panded to prehypocapnia values by 4 h despite continued hypocapnia, but CSF volume changed reciprocally so that CSF pressure remained con stant. In group 2 the intracranial mass reduced CBV by �20%. CBV remained low for 4 h, CSF volume did not decrease and CSF pressure remained ele vated. In group 3 the intracranial mass reduced CBV by �20%. Hypocapnia initially reduced CBV by an additional 20% and reduced CSF pressure from 35 to 19 cm H20. CBV reexpanded by 30% over 4 h despite continued hypocapnia, but CSF volume changed reciprocally so that the reduction of CSF pressure initially produced by hypocapnia was sustained.
The present Part II studies (groups 4-8) were carried out at the same time as the previously re ported studies and were designed to examine the effects of anesthetics on CSF pressure during 4 h hypocapnia in dogs. CBV, CSF volume, and brain tissue water and electrolytes were determined under the same conditions as those for group 3, namely, an intracranial mass was present and hypo capnia was used to lower CSF pressure. It was hy pothesized that anesthetics may affect the CSF pressure-lowering effect of hypocapnia because an esthetics are reported to alter CBV (Artm, 1983b (Artm, , 1984d , the rate of CSF formation (Vf) and resis tance to reabsorption of CSF (RJ (Artm, 1983a (Artm, , 1984a Artm et al., 1982) , and brain tissue composition (Smith and Marque, 1976) .
METHODS

Surgical preparation
Thirty unmedicated mongrel dogs (weights 14-22 kg) were studied. After approval from the institution's An imal Care Committee, dogs were anesthetized with halo thane (> 1.3% inspired) in nitrous oxide (60-70%) and oxygen and intubated. Ventilation was controlled to maintain initial blood gases at Pao 2 >120 mm Hg and Pac0 2 35-40 mm Hg. Surgical preparation was identical to that previously reported in Part I (Artru, 1987) On completion of the surgical preparation, wound edges were infiltrated with bupivacaine (0.5%) and the concentration of halothane was decreased to 0.15% (end expired value determined intermittently by gas chroma tography). After systemic variables had stabilized (�30 min), a burr hole was placed over the right frontoparietal region and a balloon-tipped catheter inserted between the dura and the skull. The catheter balloon was inflated with air to increase ventricular CSF pressure to 35 cm H20.
Over the next 15-20 min, small additional amounts of air were added to maintain ventricular CSF pressure at the desired value. The total volume of air infused was re corded and compared to the volume of air retrieved from the balloon-tipped catheter at the conclusion of the study.
CSF pressure remained close to 35 cm H20 until the start of the experimental period without further alteration of balloon volume. CSF pressure remained elevated for � 105 min before beginning the experimental phase.
Experimental period
The experimental period began after the periods of equilibration for RISA and Blue Dextran (120 min). All cerebral and systemic values were determined (time 0). Then Paco 2 was reduced to 20 mm Hg by hyperven tilation and all cerebral and systemic values were determined at 10 min. Next, dogs were assigned in random fashion to receive one of five anesthetics:
fentanyl (30 f,lg' kg-I. min-I for 20 min followed by 0.2 f,lg . kg-I. min-I for the duration of the experimental period) or thiopental (1.67 mg' kg-I. min-I for 15 min followed by 0.4 mg' kg-I. min-I for the duration of the experimental period). In all but the halothane group, the halothane that had been administered during surgical preparation was now discontinued. Concentrations of in halation anesthetics were end-expired values determined intermittently by gas chromatography. To achieve these end-expired values, inspired concentrations of inhala tional anesthetics were initially high, then were reduced as end-expired concentrations approached desired values (Artru, 1983b (Artru, , 1984d . In all groups all cerebral and sys temic values were determined at 30 min after time 0 (20 min after anesthetics were begun) and at every 30 min thereafter up to 240 min.
During the experimental phase 'Y emission from the head was determined continuously and displayed on a multichannel Gould polygraph. CBV was determined as previously reported from intracranial 'Y emission, brain weight, and regional CBV (rCBV) of gray and white matters of brain tissue ipsilateral and contralateral to the balloon-tipped catheter (Artru, 1987) . Intracranial 'Y emission was determined by correcting 'Y emission de tected by the scintillation probe for contamination by background and extracranial blood. Values for rCBV were determined based on 'Y emission from brain tissue specimens and 'Y activity per unit volume of systemic blood, with correction for the difference between the red blood cell/plasma ratios of cerebral and systemic blood. CSF pressure in the lateral cerebral ventricle and the cisterna magna was continuously displayed on a multi channel Gould polygraph along with total 'Y emission. Vr at each time period was determined as previously de scribed (Artru et aI., 1982) according to the formula of Heisey et al. (1962) . CSF volume at the first time period of the experimental phase was determined as the volume of distribution (VD X > of Blue Dextran in the intracerebral and cisternal CSF spaces of the dog. VDx was determined according to the formula Of Pappenheimer et al. (1962) .
CSF volume at subsequent times was determined from initial CSF volume and interval change in CSF volume. Change in CSF volume was calculated from CSF volume, CSF pressure, and CBV according to the formulas of Avezaqt et al. (1979, 1980) . The �ate of reabsorption of CSF (V J was determined from Vr and change in CSF volume (Artru, 1987) . Ra was determined as the inverse of the slope relating Va to CSF pressure.
Brain tissue water, Na and K contents were deter mined from the end-study brain tissue specimens of gray and white matter that were not used to determine re gional cerebral blood volume (rCBV). The percent water content of gray and white tissue was determined as the ratio of wet weight and the wet-dry weight difference.
The concentrations of N a and K were determined by flame photometry (Flame Photometer, Model 143, In strumentation Laboratory, Lexington, MA, U.S.A.).
Statistical analysis
Statistical comparison of percent brain tissue water, brain tissue Na and K, and systemic values within groups were made using repeated-measures analysis of variance, and comparisons between groups were made using one way analysis of variance. Where the calculated F value exceeded the critical value for the 0.05 probability level, the Student-Newman-Keuls' test was used to determine which differences were significant at p < 0.05. The rela tionship between V f and Va and time, and between change of CSF pressure and change of intracranial volume (the sum of CSF volume and CBV) was deter mined by linear regression analysis and computation of the correlation coefficient. (For the volume-pressure data, linear regression analysis was used because the curve fit was better than for exponential, logarithmic, or power curves.) The t statistic was used to determine whether the correlation coefficient was significant at p < 
RESULTS
Prior to administration of anesthetics, lowering Paco2 from 35-40 mm Hg to 20-22 mm Hg reduced CBV and CSF pressure in every dog. At 10 min CBV did not differ between groups (2.2-2.3 ml) and CSF pressure did not differ between groups (17.3-19.0 cm H20) (Table O . Generally, systemic vari ables did not differ between anesthetic groups be fore hypocapnia or during hypocapnia and anes thesia, although some differences were seen for mean arterial pressure and heart rate ( Table 2) . On administration of anesthetics, significant differ ences between groups with respect to CBV, CSF volume, brain tissue values, volume-pressure rela tionships, and/or CSF pressure were observed (see following).
When halothane was used for anesthesia CBV reexpanded during 4-h hypocapnia ( Fig. O . Al though CSF volume decreased, it did not offset the increase of CBY. As a result, total intracranial volume increased by 0.4 ml. Median Yf during halo thane was lower than median Yf during enflurane, and median Ra was greater and the slope of the re gression equation relating change of CSF pressure to change of intracranial volume was steeper with halothane than with any other anesthetic. Brain J Cereb Blood Flow Metab, Vol. 8, No.5, 1988 tissue Na content in three of four brain regions (.055 ± .002-.060 ± .002 mEq/g wet tissue, mean ± SD) was greater after halothane than after other anesthetics (.049 ± .002-.054 ± .002 mEq/g wet tissue). After 4 h, CSF pressure was 33.0 cm H20 higher than after 10 min of hypocapnia, and 16.8 cm H20 higher than prehypocapnia.
When enflurane was used for anesthesia CSF volume increased during 4-h hypocapnia (Fig. 2) . CBV did not decrease to offset the increase of CSF volume. As a result, total intracranial volume in creased by 0.5 ml. Median Y f during enflurane was greater than median Yf during halothane, and me dian Ra was greater and the slope of the regression equation relating change of CSF pressure to change of intracranial volume was steeper with enflurane than with isoflurane, fentanyl, or thiopental. After 4 h, CSF pressure was 24.2 cm H20 higher than after 10 min of hypocapnia and 9.9 cm H20 higher than prehypocapnia.
When isoflurane, fentanyl, or thiopental was used for anesthesia total intracranial volume did not change during 4-h hypocapnia . Me dian Yf, Ra, and the slopes of the volume-pressure regression equations were similar among these an esthetics. After 4 h, CSF pressure was not different than after 10 min of hypocapnia and was 10-11 cm H20 lower than prehypocapnia.
At the end of the study there were no differences between anesthetic groups with respect to percent brain tissue water or brain tissue K contents. Volume percent rCBV in both gray and white matter paralleled CBV and there were no differ ences within anesthetic groups between volume percent rCBV for the hemisphere with an intra cranial mass and the hemisphere with no intra cranial mass (not tabulated).
DISCUSSION
The principal finding during halothane anesthesia and 4-h hypocapnia was that CSF pressure in creased as CBV reexpanded so that the CSF pres sure-lowering effect of hypocapnia was not sus tained. Based on the results reported in Part I of this work (Artru, 1987) it is estimated that in the halothane group CBV decreased by 20% when the epidural balloon was inflated, decreased by an ad ditional 20% with hypocapnia, then increased by 30-35% over 4-h halothane anesthesia despite con tinued hypocapnia. This reexpansion of CBV is similar to that previously reported (group 3) during sedation and 4-h hypocapnia (Artru, 1987) . A greater increase of CBV might have been expected because halothane is reported to significantly in- crease cerebral blood flow in dogs (Theye and Mi chenfelder, 1968) . That a greater increase of CBV did not occur suggests that halothane-induced cere bral vasodilation contributes little to the reexpan-sion of CBV during 4-h hypocapnia when an intra cranial mass is present. CSF volume did not decrease sufficiently to offset the increase of CBV during halothane anes- thesia and 4-h hypocapnia. This finding is in con trast to the results reported in sedated dogs (group 3) where CSF volume did decrease sufficiently to offset reexpansion of CBV (Artru, 1987) . As a re sult the sum of CSF volume and CBV increased by 0.4 ml during halothane and hypocapnia. Failure of CSF volume contraction to match CBV expansion in this study is consistent with the halothane-in duced increase in Ra seen here and in previous studies (Artru, 1984b; Artru and Hornbein, 1986) .
Increased Ra opposes contraction of CSF volume because intracranial CSF is not readily reabsorbed.
The halothane-induced increase in Ra seen here (449 ± 31 cm H20. ml-l • min-I) was greater than that previously reported with an intracranial mass present and 4-h hypocapnia in sedated dogs (group 3,332 ± 15 cm H20' ml-l • min-I) (Artru, 1987) . The large CSF pressure increase seen with halo thane is consistent with the finding that the volume-pressure slope was significantly steeper with halothane than with any other anesthetic. The steepness of the volume-pressure slope with halo thane reflects CBV expansion in excess of CSF volume contraction. The steepness of the volume pressure slope may also reflect cerebral edema re-J Cereb Blood Flow Metab, Vol. 8, No.5, 1988 sulting from halothane-induced disturbance of water and ion transport in brain tissue. Schettini and Furniss (1979) previously reported that halo thane (1.0%, end expired) increased brain tissue Na and water content, but not K content in dogs at normocapnia with no intracranial mass. In the present study brain tissue Na content, but not water or K content, was significantly increased with halothane. The fact that changes in brain tissue Na achieved statistical significance com pared with values in the other anesthetic groups in this study, but changes in brain tissue water did not, may relate to the magnitude of brain tissue Na and water change that occurs with halothane-in duced cerebral edema. In the study of Schettini and Furniss (1979) brain tissue Na content increased by 5. 5%, whereas brain tissue water content increased by only 1.0%.
The principal finding during enflurane anesthesia and 4-h hypocapnia was that CSF volume increased so that the CSF pressure-lowering effect of hypo capnia was not sustained. In contrast, CSF volume decreased during 4-h hypocapnia in sedated dogs (group 3) (Artru, 1987) and with all the other anes thetics used in this study. CBV tended to reexpand during enflurane but reexpansion of CBV was far less than in sedated dogs (group 3) (Artru, 1987) , presumably because increase of CSF volume op posed reexpansion of CBY. As a result, the sum of CSF volume and CBV increased by 0.5 ml during enflurane and hypocapnia.
The increase of CSF volume is consistent with the increase of V rand Ra caused by enflurane in this study and in previous studies (Artru et aI. , 1982; Artru, 1984a) . Increased V r increases CSF volume by increasing the inflow of CSF into the in tracranial CSF space. Increased Ra increases CSF volume by opposing outflow of CSF from the intra cranial CSF space. The enflurane-induced increase in Ra seen here (397 ± 22 cm H20' ml-I • min -I) was greater than that previously reported with an intracranial mass present and 4-h hypocapnia in se dated dogs (332 ± 15 cm H20. ml-I . min -I) (Artru, 1987) . The smaller CSF pressure increase seen with enflurane compared with that seen than with halothane is reflected in the finding that the volume-pressure slope was less steep with en flurane than with halothane.
During anesthesia with isoflurane, fentanyl, or thiopental, CBV reexpanded and reexpansion of CBV was offset by decrease of CSF volume so that the sum of CSF volume and CBV was unchanged after 4-h hypocapnia. These results are similar to those reported in Part I of this work (group 3) during sedation and 4-h hypocapnia (Artru, 1987) . Contraction of CSF volume during isoflurane, fen tanyl, or thiopental is consistent with the finding that Ra during these anesthetics (263 ± 16-285 ± 15 cm H20. ml-I . min-I) was less than Ra with halothane or enflurane. That CSF pressure did not increase during 4-h hypocapnia and either iso flurane, fentanyl, or thiopental is consistent with the findings that CSF volume contracted to offset CBV expansion and that the volume-pressure slope was less steep than with halothane or en flurane. Considering that isoflurane may increase and thiopental decreases cerebral blood flow in dogs (Cucchiara et al., 1974; Michenfelder, 1974) , the present findings indicate that reexpansion of CBV during 4-h hypocapnia is independent of the effect of these anesthetics on cerebral resistance vessels.
The cause for the failure of CBV to reexpand during fentanyl anesthesia and 4-h hypocapnia is uncertain. It is possible that fentanyl antagonized the mechanism(s) of cerebral vascular control that normally permits reexpansion of CBV during hypo capnia. It is also possible that fentanyl produced cerebral or systemic changes that favored cerebral venous outflow, thereby minimizing reaccumula tion of cerebral venous blood volume. It seems un likely that fentanyl-induced changes in CSF vari ables opposed reexpansion of CBV because neither Vf or Ra increased. Also, it seems unlikely that fen tanyl minimized reexpansion of CBV due to sus tained contraction of cerebral resistance vessels because fentanyl is reported not to produce a pro longed and major reduction of cerebral blood flow in dogs (Michenfelder and Theye, 1971) . As regards the methodology, in every dog the volume retrieved from the balloon-tipped catheter at the conclusion of the study equaled the volume initially infused. In all dogs the balloon initially was inflated during the surgical preparation before as signing dogs to receive one of the five anesthetics. Consequently, balloon volumes did not differ be tween experimental groups.
